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Simple Summary: The bone marrow (BM) microenvironment provides a protective sanctuary for
multiple myeloma (MM) against therapeutic agents. MM cells interact with BM stromal cells (BMSCs)
and the interaction is sufficient to confer de novo multi-drug resistance with epigenetic mechanisms as
one of the contributors yet to be elucidated. We profiled genome-wide landscapes of gene expression
(transcriptome) and chromatin accessibility (regulome) for MM cells interacting with BMSCs and
characterized the induced signatures. We evaluated the contributions from soluble factors derived
from BMSCs and compared these results to physical adhesion to the BMSC-induced changes in the
transcriptome and regulome. The multi-omics approach further identified candidate transcription
factors that regulate the BMSC-induced transcriptome through modulating the regulome, which may
lead to promising novel therapeutic targets for the treatment of MM.

Abstract: Multiple myeloma (MM) is a hematological cancer with inevitable drug resistance. MM cells
interacting with bone marrow stromal cells (BMSCs) undergo substantial changes in the transcriptome
and develop de novo multi-drug resistance. As a critical component in transcriptional regulation,
how the chromatin landscape is transformed in MM cells exposed to BMSCs and contributes to the
transcriptional response to BMSCs remains elusive. We profiled the transcriptome and regulome
for MM cells using a transwell coculture system with BMSCs. The transcriptome and regulome
of MM cells from the upper transwell resembled MM cells that coexisted with BMSCs from the
lower chamber but were distinctive to monoculture. BMSC-induced genes were enriched in the
JAK2/STAT3 signaling pathway, unfolded protein stress, signatures of early plasma cells, and
response to proteasome inhibitors. Genes with increasing accessibility at multiple regulatory sites
were preferentially induced by BMSCs; these genes were enriched in functions linked to responses
to drugs and unfavorable clinic outcomes. We proposed JUNB and ATF4::CEBPβ as candidate
transcription factors (TFs) that modulate the BMSC-induced transformation of the regulome linked
to the transcriptional response. Together, we characterized the BMSC-induced transcriptome and
regulome signatures of MM cells to facilitate research on epigenetic mechanisms of BMSC-induced
multi-drug resistance in MM.

Keywords: multiple myeloma; bone marrow stromal cells; de novo drug resistance; transcriptome;
regulome; epigenetic regulation; pioneer factors; JUNB; ATF4::CEBPβ; transcriptome and
regulome signatures

Cancers 2022, 14, 927. https://doi.org/10.3390/cancers14040927 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14040927
https://doi.org/10.3390/cancers14040927
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-7040-4084
https://orcid.org/0000-0001-5453-6888
https://doi.org/10.3390/cancers14040927
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14040927?type=check_update&version=1


Cancers 2022, 14, 927 2 of 19

1. Introduction

There was an estimated 34,920 new cases of Multiple Myeloma (MM) and 12,410 deaths
in the United States for 2021 [1]. Despite novel therapeutic options, the inevitable emergence
of drug resistance demands improved knowledge of the contributing mechanisms. Bone
marrow (BM) constitutes a sanctuary for MM to survive, proliferate, and progress [2–4].
The malignant plasma cells interact with cellular components of bone marrow, such as bone
marrow stromal cells (BMSCs), and non-cellular components, such as soluble factors and
extracellular matrices; the interaction is sufficient to cause drug resistance independent from
genetic mutations [2–5]. This de novo drug resistance protects MM from chemotherapy,
contributes to minimal residual disease (MRD), and increases the chance of acquired
drug resistance [6]. Thus, investigating the mechanisms of BM-mediated drug resistance
helps to define new therapeutic targets to pursue for drug development. The goal of this
development is to increase the efficacy of combination strategies and delay the emergence
of drug resistance associated with standard-of-care agents used to treat MM patients.

MM cells interacting with BMSCs activate various signaling pathways, including the
well-studied JAK2/STAT3, PI3K/AKT, and NFκB [7,8] pathways. The incorporation of
external signals from the BM microenvironment into the transcription response of signal-
ing pathways requires cooperative actions of responsive transcription factors (TFs) and
chromatin regulators acting on their downstream targets [8,9]. In contrast to acquired drug
resistance, de novo drug resistance occurs quickly and is reversible, suggesting that epige-
netic mechanisms assume a critical role in regulating the transcription program underlying
the resistance [3]. Recent literature has documented several chromatin regulators in drug
resistance and myelomagenesis [9–15], including in the context of the BM microenviron-
ment [5,16]. However, few have investigated the contribution of chromatin reorganization
to the BMSC-induced transcription changes in MM cells and the associated regulatory
mechanisms linked to de novo drug resistance.

To this end, we profiled, analyzed, and integrated the transcriptome and regulome
of MM cells using an in vitro transwell coculture system, where MM cells resided in both
the upper transwell (exposed to soluble factors) and the lower chamber where MM cells
were exposed to both soluble factors as well as direct contact with BMSCs. These results
revealed that the BMSC-induced transformation of the transcriptome and regulome in MM
cells was mainly driven by soluble factors. We characterized the transcriptome signatures
by aligning to the gene signatures of early plasma cells, Pre-PC cells, and drug response
to proteasome inhibitors (PIs). Multi-omics analysis of the changes in the regulome and
transcriptome identified candidate TFs that modulate accessible chromatin and contribute
to the transcription program linked to BMSC-induced drug resistance.

2. Materials and Methods
2.1. Cell Lines

MM cell lines MM.1S (ATCC, CRL-2974) and RPMI8226 (ATCC, CCL-155) and the BM
stromal cell line HS5 (ATCC, CRL-11882) were sourced from the American Type Culture
Collection (Manassas, VA, USA). Cell lines were validated by the short tandem repeat
(STR) and tested for mycoplasma every six months. Cells were cultured in RPMI-1640 com-
plete media with L-Glutamine (Corning, Waltham, MA, USA, 10-040-CV) supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco, Waltham, MA, USA, 10082-147) and 1% peni-
cillin/streptomycin (Gibco, Waltham, MA, USA, 15140122) (growth media). Cells were
grown in a Heracell™ VIOS 160i CO2 Incubator with 5% CO2 at 37 ◦C.

2.2. Cell Culture

We seeded 2.5 × 105 HS5 cells into the bottom of a six-well transwell plate with 2 mL
growth media and left them overnight. The following day, media were removed, and
2.5 × 105 MM cells were added to the stromal layer with 2 mL of growth media. At this
time, the transwell was introduced into the system, and 2.5 × 105 multiple myeloma cells
were added to the upper transwell with 2 mL of growth media (Thermo Sci, Waltham, MA,
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USA, 140640). For the monoculture, 2.5 × 105 MM cells were seeded into the bottom of a
six-well plate with 2 mL of growth media.

2.3. Cell Isolation

Following 48 h incubation, cells were collected in a 15 mL tube. For co-culture con-
ditions, cells were washed with PBS, 1 mL of 0.25% Trypsin (Gibco, Waltham, MA, USA,
15050065) was added, and they were incubated at 37 ◦C for 5 min. Five milliliters of growth
media were added to neutralize the trypsin. Cells were then centrifuged and resuspended
in 300 µL FACS staining buffer (1× PBS, 1%FBS). Three microliters of human IgG (Sigma,
St. Louis, MO, USA, I-4506) were added to each tube for blocking, and the tubes were incu-
bated on ice for 30 min. Cells were pelleted by centrifugation (500× g, 5 min, 4 ◦C) and the
supernatant was removed. Cells were then resuspended in 50 µL of FACS buffer containing
0.5 uL of live/dead stain and 2.5 µL of the appropriate fluorochrome-tagged antibody
and incubated on ice for 30 min. The PE anti-human CD38 Antibody (356604) and FITC
anti-human CD90 (Thy1) Antibody (38108) were sourced from Biolegend (San Diego, CA,
USA). The LIVE/DEAD™ Fixable Near-IR Dead Cell Stain was sourced from Invitrogen
(Waltham, MA, USA, L10119A). Following incubation, cells were pelleted, the supernatant
was removed, and the pellet was washed twice with 100 µL FACS buffer. Finally, the
pellet was resuspended in 300 µL of FACS buffer and flow sorted with a Becton-Dickinson
FACS-ARIA II for CD90−CD38+ cells.

2.4. RNA-Seq

RNA was isolated from approximately 105 sorted cells for each sample using the
Qiagen kit (RNeasy Plus Mini Kit, 74134) according to the manufacturer’s instructions.
RNA was quantified using nanodrop/qubit and RNA integrity and was assessed through
the Agilent Bioanalyzer 2100 (Agilent technologies, Santa Clara, CA, USA). Furthermore,
250–500 ng of total RNA was used for each sample as a starting material for RNA-Seq
library prep by the WVU Genomics Core using the KAPA mRNA HyperPrep Kit (Roche
Diagnostics, Wilmington, MA, USA, 08098123702) according to the manufacturer’s instruc-
tion. Libraries were sequenced by the Genomics Core Facility at Marshall University with
Illumina Nextseq2000.

2.5. Omni-ATAC

Omni-ATAC libraries were prepared with approximately 5 × 104 sorted cells for
each using a Tagment DNA Enzyme and Buffer Large Kit (Illumina, San Diego, CA, USA,
20034198) and following the Omni-ATAC protocol [17]. The ATAC libraries were run on
2% agarose gel to observe the nucleosome phasing pattern and size select. For each sample,
the gel was cut for an approximately ~200–600 bp band and subjected to gel elution using
the Qiagen gel MinElute Gel Extraction Kit (Qiagen, Hilden, Germany, 28606). The libraries
were quantified using nanodrop. The quality was assessed using the Agilent bioanalyzer
2100. Libraries were sequenced at the Genomics Core Facility at Marshall University with
Illumina Nextseq2000.

2.6. Data Analysis
2.6.1. RNA-Seq Data Analysis

RNA-Seq data analysis followed our previous work [18]. Briefly, alignment of paired-
end short reads to the reference human genome (hg38) was performed with subread
v2.0.1 [19]. Reads aligned to RefSeq transcripts were summarized at the gene level by
feature counts [20]. The gene expression level was measured by RPKM (reads per kilobase
of exon model per million mapped) [21]. Differentially expressed (DE) genes were predicted
by EdgeR3 [22] with FDR < 0.05, fold change > 1.5, and CPM (count per million; log2) > 0.
The prediction of potential transcription regulators from DE genes was performed by
TFEA.ChIP [23].
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Gene Set Enrichment Analysis (GSEA) [24] was used for functional inference by
evaluating the significance of a preferential expression upregulation in one condition
over another for a reference gene set. For each comparison, we created a so-called “rnk”
file with the gene symbol in the first column and the fold change of expression in the
second column. The rnk file was supplied as the input to GSEA (v4.0.2) with reference sets
including the MSigDB hallmark gene set collection [25], signature genes of early plasma
cells from the NB2PC atlas (http://www.genomicscape.com/; accessed on 14 January
2021), Pre-PC signature [26], cytokine-induced genes [27], IL6-induced genes [28,29], and
adhesion-induced genes [5]. We also used GSEA to validate the signature genes defined
in our work, this time treated as the reference set. The rnk file was then generated from
external expression datasets that quantify the expression changes in MM.1S in coculture
with HS5 as relative to the monoculture [30,31].

We noted a minimal level of HS5 (<5%) presenting in the MM cells FACS isolated
from the lower chamber of the coculture system (data not shown). For all analyses, we
excluded signature genes of stromal cells, defined as the top 1000 highest-expressed genes
in HS5 [31], and at the same time, silenced in MM cells (RPKM < 2). For each MM cell line,
we also excluded genes of which the chromatin at the promoter was not open (as quantified
by Omni-ATAC) in all three culture conditions.

2.6.2. Omni-ATAC Data Analysis

Pair-end Omni-ATAC sequence reads were aligned to hg38 using Bowtie2 [32]. Reads
mapped to multiple positions of the genome were excluded, and only one read was kept
if multiple reads mapped to the same position. Read distribution across the genome was
visualized with IGV [33]. Read-enriched regions (peaks) were predicted by MACS3 [34].
We compiled a list of reference peaks for each MM cell line: A peak is in the reference if it
is present in at least three samples. An in-house script was applied to count the number
of reads within each reference peak. Differential peaks were predicted by EdgeR3 [22]
(FC > 1.5 and FDR < 0.01) or GFOLD [35] (|GFOLD value| > 0.585, corresponding to a
fold change of 1.5). A peak is in distal genomic regions if it does not overlap with any
promoters, defined as ±2500 bps from transcription start sites from RefSeq annotation.

Target genes of differential peaks were predicted by GREAT [36]. Functional inference
of the target genes was performed with GREAT on biological processes, with EnrichR [37]
on Wikipathway, and webgestalt [38] on drug terms in GLAD4U [39]. To infer TF’s potential
regulators, motif analysis applied to differential peaks (±50 bps from the summits) was
performed with MEME (de novo) [40] or HOMER (motifs derived from public ChIP-Seq
datasets [41]), with peaks not differentially accessible as the background. Detection of the
presence of a motif in a genomic sequence was performed by FIMO [42]. Motifs were anno-
tated by searching against HOCOMOCO Human (v11 CORE) [43] using TOMTOM [40].

2.6.3. Overall Survival Analysis

We used expression data and survival outcomes from five MM patient cohorts to
define unfavorable prognostic markers for MM: The CoMMpass clinic trial (IA14) [44],
MAPQ-II (GEO: GSE24080) [45], APEX/SUMMIT (GSE9782) [46], TT2 (GSE4204) [47], and
TT6 (GSE57317) [48]. For each gene G from each cohort, the patients were sorted into the
top 25% and the remaining portion based on the expression level of G. The log-rank p-value
from Kaplan–Meier analysis and the hazard ratio from the Cox proportional-hazards model
were used to assess the significance of G being an unfavorable prognostic marker on overall
survival (p-value < 0.05 & HR > 1). A gene was considered an unfavorable prognostic
marker if it was supported by the CoMMpass clinic trial and also by at least one of the
other four cohorts.

http://www.genomicscape.com/
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3. Results
3.1. An Overall View of BMSC-Induced Expression Changes in MM Cells

To define BM stroma-induced transcriptome signatures of MM cells, we utilized an
MM-BMSC transwell coculture system and conducted RNA-Seq analysis for MM cells in
the upper transwell (TSW) and MM cells in the lower chamber where adhesive BMSCs
coexisted (CO); MM cells in the monoculture (MONO) served as the baseline (Figure 1A
and Supplementary Table S1). We repeated the experiments with two MM cell lines (MM.1S
and RPMI8226) and obtained consistent changes in expression relative to the monoculture
(Supplementary Figure S1). Therefore, unless specifically noted, we used MM.1S as a
representative to illustrate the findings.

Principal Component Analysis (PCA) applied to samples based on gene expression
profiles revealed that MM cells from the upper transwell and from the lower chamber
formed a cluster separate from the monoculture (Figure 1B). Compared to the monoculture,
640 genes showed increased expression and 518 genes showed decreased expression in
MM cells from the lower chamber (Figure 1C; left panel). Similar numbers of changes in
gene expression were observed for MM cells from the upper transwell (Figure 1C; middle
panel). A limited number of differentially expressed genes were detected between MM
cells from the upper transwell and the lower chamber (Figure 1C; right panel). We visually
inspected the expression patterns of genes across the three groups of MM cells using a
heat map. In this analysis, we focused on genes differentially expressed in any two of the
three MM populations (Figure 1C). As expected, the transcription signatures of MM cells
from the upper transwell and the lower chamber were similar but distinctive to those from
the monoculture (Figure 1D), with individual genes exemplified for MCM5 and SOCS3
(Figure 1E).
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Figure 1. BMSC-induced transcriptome signatures of MM cells. (A) The co-culture model of MM cells
with BMSCs using a transwell. TSW: MM cells in the upper transwell; CO: MM cells from the lower
chamber where adhesive BMSCs coexisted; MONO: MM cells in monoculture. (B) PCA applied
to samples from MONO, TSW, and CO based on gene expression values. (C) MA-plots displaying
Log2CPM (X-axis) and fold change of expression (y-axis) for the comparisons of CO vs. MONO
(left), TSW vs. MONO (middle), and CO vs. TSW (right). Red: Genes upregulated in expression.
Black: Genes downregulated. Blue: All expressed genes. (D) Heat map visualization of expression
level for genes (columns) differentially expressed between any two from MONO, TSW, and CO.
Expression values were normalized into z-scores for each gene across all samples. (E) Comparisons
of gene expression level (RPKM; log2) across MONO, TSW, and CO for MCM5 and SOCS3. Error bar:
Standard deviation.
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We validated the BMSC-induced transcriptome signatures by comparing our RNA-Seq
data to expression datasets published by others using a similar co-culture system [30,31].
McMilin et al. [30] isolated GFP-labeled MM.1S cells through fluorescence-activated cell
sorting (FACS) after a 24-h coculture with HS5 cells and profiled gene expression using the
U133plus2.0 Affymetrix array. Genes upregulated in the lower chamber (CO) vs. the mono-
culture (MONO) from our data were also upregulated when aligned with the expression
data published by McMilin et al. [30] (Supplementary Figure S2A; left panel), though the
results for downregulated genes were less impressive (Supplementary Figure S2A; right
panel). Lam et al. [31] separated MM.1S cells from a 24-h coculture with HS5 cells using
CD138+ MicroBeads and profiled gene expression with RNA-Seq. Though the data were
generated using an early version of the RNA-Seq protocol without replicates [31], the
expression changes were generally consistent with ours for both the upregulated and the
downregulated genes (Supplementary Figure S2B). Fagerli et al. [27] defined a set of genes
induced by IL6, TNF-α, IL21, or co-culture with MM patient-derived BMSCs in several
myeloma cell lines (IH-1, OH-1, and INA-6) using Affymetrix microarrays. Compared
to the monoculture, cytokine-induced genes were generally upregulated for MM cells
from the upper transwell (Supplementary Figure S2C); similar results were obtained when
another two sets of IL6-induced genes were considered, one for INA-6 [28] (Supplemen-
tary Figure S2D) and another for ANBL-6 [29] (Supplementary Figure S2E).Therefore, the
BMSC-induced transcriptome signatures of MM cells defined in our work were validated
by gene expression data published by others [27–31].

3.2. BMSC-Induced Transcriptome Signatures Associated with Soluble Factors

BMSCs interacting with MM cells activate the secretion of growth-promoting soluble
factors including IL6, IGF-1, SDF1-α, and VEGF, which in turn affect MM cells and vice
versa [8]. The transwell membrane allows soluble factors to pass through, but not BMSCs.
Thus, MM cells from the transwell are affected by soluble factors secreted from BMSCs but
not by physical adhesion to BMSCs. The membrane also allows exosomes to pass through,
and thus the soluble factors mentioned throughout the manuscript do not necessarily
exclude exosomes.

We compared MMs from the upper transwell to those from the monoculture to define
soluble-factor-induced transcriptome signatures. As expected [8], results from GSEA [24]
against MSigDB hallmark gene sets [25] revealed that soluble factors upregulated several
signaling pathways including IL6/JAK2/STAT3 with leading genes including SOCS3 and
STAT3, TNFα signaling via NFκB, and an interferon γ response (Figure 2A), as well as un-
folded protein response genes for MM cells (Figure 2B). MYC targets were downregulated
(Figure 2C), which are positively correlated with cell proliferation [49].

BMSCs revert MM cells to a less-differentiated phenotype [50]. Plasma cells in the
bone marrow differentiate from early plasma cells. We extracted signature genes of early
plasma cells (vs. other B cells) from the NB2PC atlas. The expression of the signature genes
was generally higher in MM cells from the upper transwell than from the monoculture
(Figure 3A). An early study of myeloma-propagating activity identified a population of
CD138− MM cells, also known as Pre-PC cells, which emerged between plasmablasts and
plasma cells [26]. The Pre-PC cells in myeloma could be generated by reverse differentiation
from matured CD138+ PCs and are drug resistant in MM patients [26]. Microarray gene
expression data from MM patients define a set of signature genes of Pre-PC as compared
to plasma cells [26]. MM cells from the transwell exhibited higher expression overall than
from the monoculture for the Pre-PC signature genes (Figure 3B). Thus, BMSCs induced
dedifferentiation of MM cells at an early stage, at least for a subpopulation of cells in terms
of transcriptome changes.
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Figure 3. BMSC-coculture recapitulated gene signatures of early B cells in MM. (A,B) GSEA of
expressed genes sorted by fold change of expression (TSW/MONO) from high (red) to low (blue)
against signature genes (vertical bars) of early plasma cells from the NB2PC atlas (A) or signature
genes of Pre-PC from newly diagnosed (ND) MM patients (B), see [26].

Proteasome inhibitors (PIs) are part of the standard of care for the treatment of MM
patients. PIs induce unfolded protein stress in MM cells [51]. RNA-Seq gene expression
data for the transcription response of MM cells to PIs are publicly available [52,53]. Inter-
estingly, soluble factor-induced genes in MM cells were also upregulated in response to
bortezomib (Supplementary Figure S3A; left panel). Similarly, genes downregulated by
soluble factors were generally downregulated by bortezomib (Supplementary Figure S3A;
right panel). Consistent results were obtained for another proteasome inhibitor, carfil-
zomib (Supplementary Figure S3B). In contrast to transient treatment, MM cells evolve
the acquired drug resistance during prolonged and repetitive treatment with PIs with an
increasing dose. By reanalyzing recent RNA-Seq data for bortezomib- or carfilzomib-
resistant RPMI8226 [54], we found no significant correlation between the expression
changes induced by soluble factors and those induced by chronic treatment with borte-
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zomib (Supplementary Figure S3C) or carfilzomib (Supplementary Figure S3D). Thus, the
coculture of MM cells with BMSCs recapitulated the transcription signatures of a transient
treatment of PIs but not a chronic treatment, which induces drug resistance likely through
genetic mutations.

3.3. BMSC-Induced Transcriptome Signatures Associated with Physical Adhesion

Physical adhesion to BMSCs also contributes to the de novo drug resistance developed
in MM cells [3]. MM cells from the upper transwell were stimulated by soluble factors,
while those from the lower chamber were adherent to BMSCs and therefore were addition-
ally affected by physical adhesion. A direct comparison of the two defined the transcription
changes attributed to adhesion. The numbers of differentially expressed genes from MM.1S
cells were limited (Figure 1C, right panel), preventing thorough characterization. Therefore,
we switched to the RPMI8226 cell line, where several hundred differentially expressed
genes were detected (Supplementary Figure S1B; right panel). The expression changes
induced by adhesion from our data were consistent with those from a two-channel ex-
pression microarray that measured the difference between RPMI8226 cells cultured with
or without adhesion to UBE6T-7 BMSCs [5] (Supplementary Figure S4A). GSEA analy-
sis revealed an upregulation in several signaling pathways, including TGFβ, TNFα via
NFκB, and Kras, and downregulation in DNA replication (Supplementary Figure S4B). To
explore the correlation between changes in expression induced by soluble factors and,
additionally, those by adhesion, we applied contingency table analysis to compare the
differentially expressed genes between TSW vs. MONO and CO vs. TSW. The number
of genes showing a consistent change in both comparisons was over 2-fold higher than
expected (Supplementary Figure S4C). While no specific biological process was remarkable
for the shared upregulated genes, the commonly downregulated genes were linked to
proliferation-related biological processes (Supplementary Figure S4D). Therefore, both
soluble factors and adhesion contributed to a transcription program corresponding to
slowed proliferation for MM cells when in a coculture with BMSCs.

3.4. An Overall View of BMSC-Induced Transformation of Regulome in MM Cells

The described transcriptional reprogramming of MM cells induced by BMSCs occurred
within 48 h, indicating a contribution from epigenetic mechanisms rather than genetic
mutations. We therefore profiled and compared accessible chromatin (regulome) for MM
cells in the coculture and monoculture using Omni-ATAC (Supplementary Table S2) [17].
We repeated the experiments with two MM cell lines (MM.1S and RPMI8226) and obtained
consistent changes in the landscapes of chromatin accessibility (Supplementary Figure S5).
Therefore, we chose MM.1S as a representative cell line to illustrate the findings, unless
specifically stated otherwise.

Omni-ATAC identified ~72 K accessible regions for MM.1S, denoted as the reference
peaks thereafter. PCA results based on chromatin accessibility at the reference peaks
revealed that samples from the lower chamber (CO) and those from the upper transwell
(TSW) were clearly separated from the monoculture (Figure 4A). Differential peak analysis
revealed an increase in chromatin accessibility for 1200 to 3000 peaks and a decrease for
4000 to 6000 peaks in the presence of BMSCs as compared to the monoculture (Figure 4B;
left two panels). Similar to gene expression analysis, the landscapes of accessible chromatin
were highly similar between MM cells from the upper transwell and those from the lower
chamber (Figure 4B; right panel). Because changes in chromatin accessibility relative to
monoculture were generally consistent between the upper transwell and the lower chamber
(Figure 4C), we focused on the difference between MM cells from the upper transwell
and the monoculture for downstream analysis. We applied GREAT analysis [36] to infer
target genes for the differential peaks. Target genes of peaks increasing in accessibility
were enriched in biological processes linked to responses to external stimulus and the
regulation of apoptosis (Figure 4D; left panel), while those decreasing in accessibility were
enriched in functions related to chemotaxis and the positive regulation of the JAK-STAT
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cascade (Figure 4D; right panel). As expected, target genes associated with peaks increasing
in accessibility were generally upregulated in expression when compared to other genes
(Figure 4E).
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Figure 4. BMSCs induced substantial transformation of regulome in MM. (A) PCA applied to samples
from MONO, TSW, and CO based on chromatin accessibility at reference accessible regions (peaks)
defined by Omni-ATAC. (B) MA-plots displaying Log2CPM (X-axis) and fold change of chromatin
accessibility (Y-axis) for the comparisons of CO vs. MONO (left), TSW vs. MONO (middle), and
CO vs. TSW (right). Red: Reference peaks increasing in accessibility (Incr); Red: Reference peaks
decreasing in accessibility (Decr); blue: All reference peaks. (C) Smoothed scatter plot comparing
the fold changes in accessibility at reference peaks between CO vs. MONO and TSW vs. MONO.
r: Pearson correlation coefficient. (D) Top ten enriched gene ontology (GO) terms on biological
processes for GREAT-predicted target genes of reference peaks that increased (left panel) or decreased
(right panel) in accessibility from MONO to TSW. (E) Empirical cumulative distribution of the fold
change of expression (TSW/MONO) of target genes predicted for peaks showing increase (Incr),
decrease (Decr), or no change (Others) in accessibility from MONO to TSW. A line shifting to the right
indicates an overall increase in the fold change of expression. p-value by the Kolmogorov–Smirnov
(K-S) test.

3.5. Genes Increasing Accessibility at Multiple Regulatory Sites Are Clinically Relevant to MM

A concordant increase in gene expression and chromatin accessibility at nearby regu-
latory regions were observed for several genes known to be induced by BMSCs. SOCS3 is
part of a negative feedback loop strongly induced by the JAK-STAT signaling pathway [55].
This gene was silenced in the monoculture, yet showed an open chromatin configuration at
the promoter (Figure 5A). BMSCs activated the transcription of SOCS3 (FDR < 2.6 × 10−11)
with an increase in chromatin accessibility at the promoter and multiple nearby distal sites
(Figure 5A; left panel). ABCA1 is a member of the ATP-binding cassette (ABC) transporters
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known for their contributions to multidrug resistance [56]. Similar to SOCS3, the promoter
of ABCA1 was open in the monoculture. BMSC induced an increase in accessibility at
the promoter and several regulatory sites located at 13-to-125K bps upstream (Figure 5B;
middle panel), consistent with transcription activation of ABCA1 (FDR = 1.4 × 10−10).
The SGK1 locus encodes the serum and glucocorticoid-regulated protein kinase 1 (SGK1),
known to promote cellular proliferation and apoptosis protection with a rapid induction
through the JAK-STAT signaling pathway [27]. While the promoter of SGK1 showed no re-
markable change in accessibility, the expression upregulation by BMSCs (FDR = 4.0 × 10−8)
was associated with an increase in chromatin accessibility at multiple distal regulatory sites
in the nearby region (Figure 5C; right panel).
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Figure 5. Genes with multiple peaks that increased in chromatin accessibility as induced by BMSCs
are clinically relevant to MM. (A) Omni-ATAC read distribution around the genes SOCS3 (left),
ABCA1 (middle), and SGK1 (right) across MM samples from the monoculture (MONO) and the
upper transwell (TSW). Y-axis (normalized read density) adjusted to the same scale within each plot.
Highlighted in yellow: Peaks increasing in accessibility from MONO to TSW; numbers in parenthesis:
Gene expression values in RPKM (decimal). (B) Empirical cumulative distribution of the fold change
of expression (TSW/MONO) of genes associated with 1–2 peaks or multiple peaks (>2) that increased
in accessibility from MONO to TSW. p-value by the K-S test. (C) Gene pathways enriched for the
genes associated with multiple peaks as in panel (B). (D) Drug-based enrichment analysis based on
the GLAD4U database [39] for the genes associated with multiple peaks as in panel (B). Y-axis: The
significance of overlapping by FDR. X-axis: Enrichment ratio (observed number/expected number);
blue color with intensity proportional to the number of overlapped genes. (E) Venn diagram for
genes associated with multiple peaks as in panel (B) and unfavorable prognostic markers in overall
survival as defined from several MM patient cohorts (see Section 2). Red: Expression upregulated in
TSW vs. MONO (FDR < 0.1). Underlined: Expression downregulated in TSW vs. MONO (FDR < 0.1).
(F) Kaplan–Meier survival plot for MCL1 from the CoMMpass trial (left) or the APEX/SUMMIT
trial (right). Patients sorted into the top 25% and others based on MCL1 expression. p-value by
log-rank test.
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A genome-wide survey identified 232 genes that were expressed and associated with
multiple genomic regions (>2) that increased in chromatin accessibility in the presence
of BMSCs (Supplementary Table S3). The mRNA expression level of the 232 genes was
generally upregulated by BMSCs as compared to other genes (Figure 5B). WikiPathway
analysis with EnrichR [37] revealed enrichment in pathways related to angiogenesis, apop-
tosis regulation, and unfolded protein stress (Figure 5C). Interestingly, these genes were
enriched in drug-target terms such as bortezomib and melphalan (Figure 5D), two drugs
commonly used in the treatment of MM patients. We further investigated the connection
of the 232 genes to the clinical outcome of MM patients in terms of overall survival. A
substantial portion of the genes (21%) resulted in being unfavorable prognostic mark-
ers of overall survival in at least two MM patient cohorts (Figure 5E). A prominent ex-
ample was shown for MCL1 (Figure 5F), an anti-apoptotic protein highly expressed in
MM with a crucial role in disease progression [57]. A further literature review identified
nine genes implicated in promoting drug resistance in MM cells, including CDK6 [58],
HIF1A [59], MCL1 [60], MITF [61], PPP3CA [62], PTP4A3 [63], RUNX3 [64], SGK1 [27,65],
and USP14 [66] (Supplementary Table S4).

3.6. Candidate Regulators of BMSC-Induced Transformation of Regulome

Changes in chromatin accessibility predominantly occurred in genomic regions distal
to promoters (Figure 6A). To identify potential transcription factors (TFs) contributing to
the BMSC-induced chromatin reorganization, we applied de novo motif finding [40] to the
distal peaks that increased or decreased in accessibility for MM cells from the transwell
relative to the monoculture. By taking peaks not differentially accessible as the background,
we identified DNA motifs corresponding to JUNB and the heterodimer of ATF::CEBP for
peaks showing an increase in accessibility (Figure 6B); for completeness, we also listed the
motifs for peaks showing a decrease in accessibility (Supplementary Figure S6A).

The proto-oncogene JUNB is an AP-1 family member known as a mediator of MM cell
survival, proliferation, drug resistance, and BM angiogenesis [67,68]. Consistent with earlier
observations [68], BMSCs upregulated the expression of JUNB in MM cells (Figure 6C).
The JUNB motif presented at 25% of the distal peaks showing an increase in accessibility
(Figure 6B); a potential enhancer site located 27K bps downstream of VEGFA served as an
example (Figure 6D), also validated by ChIP-seq data in IL6-stimulated MM.1S cells [67].
At a genome-wide scale, reference peaks overlapped with JUNB binding sites defined by
ChIP-seq data [67] exhibited an overall increase in chromatin accessibility for MM cells
in the transwell vs. the monoculture (Supplementary Figure S6B). Intriguingly, GREAT-
predicted target genes of JUNB-motif-containing distal peaks increased their expression in
the upper transwell as relative to the monoculture (Figure 6E). Gene ontology enrichment
analysis identified responses to drugs as the top hit (Figure 6F). WikiPathway analysis
revealed that the target genes were enriched in the chemokine signaling pathway and the
VEGFA-VEGFR2 signaling pathway (Supplementary Figure S7A), consistent with the role
of JUNB in regulating MM BM angiogenesis [67].

MM cells constantly maintain high demand in the ubiquitin-mediated proteasomal
degradation of misfolded proteins, which activates an integrated stress response. ATF4
activation is essential to alleviate the stress for cell-intrinsic metabolic adaptations [69]. In
addition to the JUNB motif, two motifs corresponding to a heterodimer of ATF::CEBP were
discovered in distal peaks showing an increase in accessibility (TSW vs. MONO) (Figure 6B).
The ATF::CEBP motifs presented in 7–8% of the distal peaks, showing an increase in
accessibility (Figure 6B). A specific example was shown for a putative enhancer located
10K bps downstream from PIM3 (Figure 6G), a Ca(2+) /calmodulin-dependent protein
kinase known to prevent apoptosis and promote cell survival [70]. GREAT-predicted
target genes of the chimeric motifs were generally upregulated in the upper transwell
vs. the monoculture (Figure 6H). Gene ontology enrichment analysis identified biological
processes associated with the regulation of cell death, cell–cell adhesion, and the response to
drugs (Figure 6I). WikiPathway analysis revealed that the target genes were enriched in the
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IL6 signaling pathway (Supplementary Figure S7B). The results suggested that members
from the heterodimer of ATF::CEBP, similarly to JUNB, contributed to the chromatin
reorganization linked to the transcription response to BMSCs.
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Figure 6. TFs predicted to regulate BMSC-induced transformation of regulome. (A) Distribution of
differential peaks in promoter regions and distal non-promoter regions grouped by their changes
from monoculture (MONO) to the upper transwell (TSW). (B) Top motifs discovered by MEME for
peaks increasing in accessibility from MONO to TSW, with E-value, % of peaks containing the motif,
and representative TFs indicated. (C) Comparisons of gene expression level (RPKM; log2) between
MONO and TSW for JUNB, ATF4, and CEBPB. Error bar: Standard deviation. FDR calculated by
EdgeR. (D) Omni-ATAC read distribution around VEGFA across MM samples from MONO and
TSW. Y-axis (normalized read density) adjusted to the same scale. Highlighted in yellow: Peaks
containing JUNB motif; numbers in parenthesis: Gene expression level in RPKM (decimal). (E) GSEA
of expressed genes sorted by fold change of expression (TSW/MONO) from high (red) to low (blue)
against genes (vertical bars) predicted as targets of peaks that increased accessibility and contained
JUNB motif(s). (F) Biological processes enriched with predicted JUNB targets as in panel (E). (G)
Similar to panel (D) but for PIM3; highlighted in yellow: Peaks containing ATF::CEBP motif (H)
Similar to panel (E) but for targets of peaks that increased accessibility and contained ATF::CEBP
motif(s). (I) Biological processes enriched for predicted ATF::CEBP targets as in panel (H).

The de novo motif analysis did not recover a motif for STAT3, which is a downstream
TF activated by IL6. Nevertheless, scanning the motifs derived through ChIP-seq data
by HOMER [41] in distal genomic regions that showed an increase in accessibility (TSW
vs. MONO) identified a STAT3 motif in addition to the JUNB and ATF::CEBP motifs
(Supplementary Figure S8A). Interestingly, the STAT3 motif presented in only 2.83% of the
genomics regions, in contrast to 27.4% for JUNB and 5.0% for ATF::CEBP (Supplementary
Figure S8A). Transcription regulators can also be inferred with a set of genes through an
association analysis with targets predicted from public ChIP-seq data using TFEA.ChIP [23].
We applied the analysis to genes that were upregulated in the transwell as compared to
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the monoculture. The analysis revealed STAT3 as one of the top transcription regulators
(Supplementary Figure S8B). Therefore, considering only modest enrichment of the STAT3
motif was observed on differential peaks, the BMSC-activated STAT3 likely acts on pre-
existing accessible chromatin for transcription regulation.

4. Discussion

Multiple myeloma (MM) is a disease of malignant plasma cells predominantly grow-
ing in the bone marrow (BM). As important components of the BM microenvironment, BM
stromal cells (BMSCs) interact with MM cells and contribute to the development of drug
resistance [71]. Specifically, soluble factors secreted from BMSCs and physical adhesion
to BMSCs activate a panel of signaling pathways in MM cells, resulting in transcriptome
reprogramming leading to drug resistance [8,30]. In contrast to the acquired drug resistance,
BMSC-induced drug resistance is rapidly triggered by signaling events, which are reversible
and not likely caused by genetic mutations [2,3]. Presumably, effector TFs downstream of
activated signaling pathways assume roles in regulating transcriptome reprogramming.
However, whether the transcription regulation acts on a pre-existing chromatin configura-
tion or involves an epigenetic re-configuration remains unclear. To address this question,
we employed an in vitro coculture system of MM cells with BMSCs and the transcriptome
and regulome for MM cells affected by soluble factors and/or physical adhesion to BM-
SCs or in a monoculture. This resource allowed us to examine BMSC-induced chromatin
reorganization in MM, its connection to transcription reprogramming linked to its drug
response, and potential regulators contributing to the chromatin reorganization.

Previous gene expression analysis based on a microarray [27–30] or an early version
of the RNA-Seq protocol [31] identified transcription signatures of MM cells interacting
with BMSCs. The signatures were generally recapitulated by our study with the most
recent RNA-Seq technique. Moreover, we employed a transwell coculture system to
compare MM cells in the upper transwell, MM cells adherent to BMSCs in the lower
chamber, and MM cells in monoculture to delineate the contribution from soluble factors
and physical adhesion. While substantial changes in the transcriptome were observed
when compared to the monoculture, the difference between MM cells in the transwell
and those in the lower chamber was marginal. Thus, soluble factors other than physical
interaction accounted for most of the BMSC-induced changes in the transcriptome. We
reasoned that soluble factor-mediated drug resistance is largely mediated by transcription
induction, whereas cell-adhesion-mediated drug resistance is more likely mediated by
non-transcriptional mechanisms.

We have characterized the transcriptome signatures induced by BMSCs: Soluble
factors from a coculture of MM and BMSCs upregulated gene targets of signaling pathways
related to cell proliferation and drug resistance, including JAK2/STAT3, PI3K/AKT, Ras,
and NF-κB [8]. The results are consistent with previous studies based on MM cells in a
coculture [30,31] or cytokine-stimulated MM cells [27–29]. BMSCs also upregulated genes
involved in the unfolded protein response and recapitulated transcription response to
PIs, consistent with other observations that MM cells interacting with BMSCs become
less sensitive to bortezomib [72,73]. Lastly, soluble factors upregulated the expression
of signature genes for early plasma cells and resistant Pre-PCs in ND MM patients [26],
corresponding to normal and malignant plasma cells, respectively. The results supported
a previous view that MM cells interacting with BMSCs exhibit a less-differentiated and
drug-resistant phenotype [50].

Chromatin consists of the genomic DNA sequence wrapping around nucleosomes.
The landscape of accessible chromatin changes dynamically in response to both external
stimuli and developmental cues [74]. Evaluating changes in the regulome emerges as a
powerful tool to decode regulatory mechanisms contributing to myelomagenesis and drug
resistance [75–79]. We examined the BMSC-induced transformation of the regulome and its
connection to expression changes in genes linked to drug responses. The difference in the
regulome for MM cells in the upper transwell and those in the lower chamber was minimal,
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confirming soluble factors as the major source in inducing transcription changes. In contrast,
MM cells in the transwell exhibited substantial changes in the regulome as compared to
the monoculture. In particular, we identified a subset of genes where BMSCs induced an
increase in chromatin accessibility at multiple regulatory sites, including genes known to
promote drug resistance such as ABCA1 [56], SGK1 [27], and MCL1 [57]. These signature
genes were enriched in biological processes related to IL6 signaling, apoptosis, angiogenesis,
unfolded protein stress, and the transcription response to drugs. Clinically relevant is their
enrichment in unfavorable prognosis markers on overall survival. The BMSC-induced
increase in chromatin accessibility was coupled with an overall upregulation of expression.
Thus, the BMSC-induced transformations of the regulome and transcriptome are coupled
for genes linked to the drug response and clinically relevant to MM.

The profile of accessible chromatin, when combined with motif-finding or foot-printing
analysis, helps to infer TF regulators of the chromatin landscape [80–82]. JUNB was the
most prominent TF enriched in distal genomic regions that gained accessibility as induced
by BMSCs. Compared to other AP-1 family TFs, JUNB in MM cells is specifically induced
by BMSCs [68]. Predicted gene targets of distal sites containing the JUNB motifs and
increasing in accessibility were enriched in the VEGFA-VEGFR2 signaling pathway and
the response to drugs, consistent with its roles in angiogenesis and drug resistance in MM
cells [67,68]. Our results supported JUNB in promoting chromatin accessibility, a role vali-
dated in other cell systems, including cardiac regeneration [83], hormone stimuli [84], and
T-cell activation [85]. Potential mechanisms may include the SWI/SNF (BAF) chromatin
remodeling complex recruited by AP-1 family members such as JUNB to establish acces-
sible chromatin [86,87]. The next two prominent motifs corresponded to the heterodimer
of ATF::CEBP. The attractive TF pair included ATF4::CEBPβ [88–90], both of which were
upregulated in the upper transwell relative to the monoculture (Figure 6C). ATF4 becomes
activated in response to an integrated stress response [69] or pro-growth signaling [91].
While basal expression of ATF4 may attenuate PI-induced apoptosis in MM cells [92], ATF4
induction promotes PI resistance by facilitating lipogenesis [93]. In supporting a role in reg-
ulating chromatin accessibility, ATF4 promotes histone acetylation [94], reduces repressive
H3K9 methylation in target genes [95], and is implicated as a pioneer factor by recognizing
methylated DNA together with CEBPβ [90]. As a partner of ATF4, CEBPβ activates TFs
critical for MM proliferation [96] and mediates resistance to IMiD compounds [97]. As a
recipient of extracellular signals [98], CEBPβ acts as a pioneer factor in remodeling chro-
matin for transcription regulation [99]. Together with our results, we speculated that JUNB,
ATF4, and CEBPβ positively contribute to the BMSC-induced transcriptome changes in
MM cells by facilitating the transformation of chromatin accessibility

5. Conclusions

We characterized BMSC-induced transformations of the transcriptome and regulome
in MM cells, which were most likely driven by soluble factors. Genes with an increase in
chromatin accessibility at multiple regulatory sites served as prominent targets for further
investigation into their functional connection to drug response and their overall adverse
clinical prognosis in MM. As for mechanisms, we identified candidate regulators contribut-
ing to the transformation of regulome coupled with changes in the transcriptome. Future
work should include loss-or gain-of-function assays, ChIP-seq assays, and a reevaluation
of the transformation to depict the epigenetic roles of the proposed TFs in regulating the
transcription program underlying BMSC-induced drug resistance.
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scriptome in MM1.S are reproducible with RPMI8226; Figure S2: Validation of BMSC-induced tran-
scription signatures with expression datasets from independent sources; Figure S3: BMSC-induced
transcription signatures recapitulated a transcription response to transient but not chronic treatment
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RPMI8226; Figure S6: Distal reference peaks bound by JUNB preferentially increased chromatin acces-
sibility in TSW vs. MONO; Figure S7: WikiPathways enrichment analysis for target genes predicted
for distal peaks increasing in accessibility (upper transwell vs. monoculture) and containing JUNB
motif or ATF::CEBP motif; Figure S8: STAT3 motif discovered through an integrative analysis with
public ChIP-seq data; Table S1: Statistics for RNA-Seq libraries; Table S2: Statistics for Omni-ATAC
libraries; Table S3: Genes with multiple distal peaks that showed an increase in accessibility in the
upper transwell vs. the monoculture; Table S4: Genes implied in promoting drug resistance in
MM cells.

Author Contributions: Conceptualization, L.A.H. and G.H.; methodology, S.A.D. and G.H.; formal
analysis, L.W., S.A.D., H.A., D.A. and G.H.; investigation, S.A.D. and G.H.; resource, S.A.D. and
L.A.H.; validation, S.A.D.; data curation, L.W. and G.H.; writing—original draft preparation, S.A.D.,
L.W., T.S. and G.H.; writing—review and editing, H.A., D.A., D.A.A. and L.A.H.; visualization, S.A.D.
and L.W.; supervision, G.H.; project administration, G.H.; funding acquisition, G.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grants 1P20 GM121322, 2U54GM104942-03, and P20
GM103434-21S1 to G.H.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to not involving humans or animals.

Informed Consent Statement: Patient consent was waived for studies not involving humans.

Data Availability Statement: Sequencing data for RNA-Seq and Omni-ATAC are accessible from the
Gene Expression Omnibus (GEO) with accession number GSE193658.

Acknowledgments: The authors are grateful to the excellent services received from the WVU Flow
Cytometry & Single Cell Core Facility (NIH grant 1P20 GM121322), the WVU Genomics Core
Facility (NIH grant U54GM104942), and the Marshall University Genomics Core Facility (NIH grant
P20GM103434). The authors thank Edwin C. K. Wan, Jonathan Busada, Kathy Brundage, Osama
M Elzamzamy, Ryan Percifield, Stephanie Rellick, and Wei-Chih Chen for advice and technical
support. The authors acknowledge that the survival data from the CoMMpass clinic trial (IA14) were
generated as part of the MMRF Personalized Medicine Initiatives (https://research.themmrf.org and
www.themmrf.org, accessed on 19 December 2019).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aung, T.N.; Bickell, N.A.; Jagannath, S.; Kamath, G.; Meltzer, J.; Kunzel, B.; Egorova, N.N. Do Patients with Multiple Myeloma

Enrolled in Clinical Trials Live Longer? Am. J. Clin. Oncol. 2021, 44, 603–612. [CrossRef]
2. Meads, M.B.; Hazlehurst, L.A.; Dalton, W.S. The bone marrow microenvironment as a tumor sanctuary and contributor to drug

resistance. Clin. Cancer Res. 2008, 14, 2519–2526. [CrossRef]
3. Chen, W.C.; Hu, G.; Hazlehurst, L.A. Contribution of the bone marrow stromal cells in mediating drug resistance in hematopoietic

tumors. Curr. Opin. Pharmacol. 2020, 54, 36–43. [CrossRef]
4. Hideshima, T.; Mitsiades, C.; Tonon, G.; Richardson, P.G.; Anderson, K.C. Understanding multiple myeloma pathogenesis in the

bone marrow to identify new therapeutic targets. Nat. Rev. Cancer 2007, 7, 585–598. [CrossRef]
5. Kikuchi, J.; Koyama, D.; Wada, T.; Izumi, T.; Hofgaard, P.O.; Bogen, B.; Furukawa, Y. Phosphorylation-mediated EZH2 inactivation

promotes drug resistance in multiple myeloma. J. Clin. Investig. 2015, 125, 4375–4390. [CrossRef]
6. Meads, M.B.; Gatenby, R.A.; Dalton, W.S. Environment-mediated drug resistance: A major contributor to minimal residual

disease. Nat. Rev. Cancer 2009, 9, 665–674. [CrossRef]
7. Farrell, M.L.; Reagan, M.R. Soluble and Cell-Cell-Mediated Drivers of Proteasome Inhibitor Resistance in Multiple Myeloma.

Front. Endocrinol. 2018, 9, 218. [CrossRef]
8. Hideshima, T.; Anderson, K.C. Signaling Pathway Mediating Myeloma Cell Growth and Survival. Cancers 2021, 13, 216.

[CrossRef]
9. Ohguchi, H.; Hideshima, T.; Anderson, K.C. The biological significance of histone modifiers in multiple myeloma: Clinical

applications. Blood Cancer J. 2018, 8, 83. [CrossRef]
10. Ren, Z.; Ahn, J.H.; Liu, H.; Tsai, Y.H.; Bhanu, N.V.; Koss, B.; Allison, D.F.; Ma, A.; Storey, A.J.; Wang, P.; et al. PHF19 promotes

multiple myeloma tumorigenicity through PRC2 activation and broad H3K27me3 domain formation. Blood 2019, 134, 1176–1189.
[CrossRef]

https://research.themmrf.org
www.themmrf.org
http://doi.org/10.1097/COC.0000000000000873
http://doi.org/10.1158/1078-0432.CCR-07-2223
http://doi.org/10.1016/j.coph.2020.08.006
http://doi.org/10.1038/nrc2189
http://doi.org/10.1172/JCI80325
http://doi.org/10.1038/nrc2714
http://doi.org/10.3389/fendo.2018.00218
http://doi.org/10.3390/cancers13020216
http://doi.org/10.1038/s41408-018-0119-y
http://doi.org/10.1182/blood.2019000578


Cancers 2022, 14, 927 16 of 19

11. Yu, T.; Du, C.; Ma, X.; Sui, W.; Yu, Z.; Liu, L.; Zhao, L.; Li, Z.; Xu, J.; Wei, X.; et al. Polycomb-like Protein 3 Induces Proliferation
and Drug Resistance in Multiple Myeloma and Is Regulated by miRNA-15a. Mol. Cancer Res. 2020, 18, 1063–1073. [CrossRef]

12. Ohguchi, H.; Hideshima, T.; Bhasin, M.K.; Gorgun, G.T.; Santo, L.; Cea, M.; Samur, M.K.; Mimura, N.; Suzuki, R.; Tai, Y.T.; et al.
The KDM3A-KLF2-IRF4 axis maintains myeloma cell survival. Nat. Commun. 2016, 7, 10258. [CrossRef]

13. Minami, J.; Suzuki, R.; Mazitschek, R.; Gorgun, G.; Ghosh, B.; Cirstea, D.; Hu, Y.; Mimura, N.; Ohguchi, H.; Cottini, F.; et al.
Histone deacetylase 3 as a novel therapeutic target in multiple myeloma. Leukemia 2014, 28, 680–689. [CrossRef]

14. Ohguchi, H.; Park, P.M.C.; Wang, T.; Gryder, B.E.; Ogiya, D.; Kurata, K.; Zhang, X.; Li, D.; Pei, C.; Masuda, T.; et al. Lysine
Demethylase 5A is Required for MYC Driven Transcription in Multiple Myeloma. Blood Cancer Discov. 2021, 2, 370–387. [CrossRef]

15. Lhoumaud, P.; Badri, S.; Rodriguez-Hernaez, J.; Sakellaropoulos, T.; Sethia, G.; Kloetgen, A.; Cornwell, M.; Bhattacharyya, S.;
Ay, F.; Bonneau, R.; et al. NSD2 overexpression drives clustered chromatin and transcriptional changes in a subset of insulated
domains. Nat. Commun. 2019, 10, 4843. [CrossRef]

16. Ohguchi, H.; Harada, T.; Sagawa, M.; Kikuchi, S.; Tai, Y.T.; Richardson, P.G.; Hideshima, T.; Anderson, K.C. KDM6B modulates
MAPK pathway mediating multiple myeloma cell growth and survival. Leukemia 2017, 31, 2661–2669. [CrossRef]

17. Corces, M.R.; Trevino, A.E.; Hamilton, E.G.; Greenside, P.G.; Sinnott-Armstrong, N.A.; Vesuna, S.; Satpathy, A.T.; Rubin, A.J.;
Montine, K.S.; Wu, B.; et al. An improved ATAC-seq protocol reduces background and enables interrogation of frozen tissues.
Nat. Methods 2017, 14, 959–962. [CrossRef]

18. Rellick, S.L.; Hu, G.; Piktel, D.; Martin, K.H.; Geldenhuys, W.J.; Nair, R.R.; Gibson, L.F. Co-culture model of B-cell acute
lymphoblastic leukemia recapitulates a transcription signature of chemotherapy-refractory minimal residual disease. Sci. Rep.
2021, 11, 15840. [CrossRef]

19. Liao, Y.; Smyth, G.K.; Shi, W. The Subread aligner: Fast, accurate and scalable read mapping by seed-and-vote. Nucleic Acids Res.
2013, 41, e108. [CrossRef]

20. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef]

21. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621–628. [CrossRef] [PubMed]

22. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

23. Puente-Santamaria, L.; Wasserman, W.W.; Del Peso, L. TFEA.ChIP: A tool kit for transcription factor binding site enrichment
analysis capitalizing on ChIP-seq datasets. Bioinformatics 2019, 35, 5339–5340. [CrossRef] [PubMed]

24. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

25. Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015, 1, 417–425. [CrossRef]

26. Chaidos, A.; Barnes, C.P.; Cowan, G.; May, P.C.; Melo, V.; Hatjiharissi, E.; Papaioannou, M.; Harrington, H.; Doolittle, H.; Terpos,
E.; et al. Clinical drug resistance linked to interconvertible phenotypic and functional states of tumor-propagating cells in multiple
myeloma. Blood 2013, 121, 318–328. [CrossRef]

27. Fagerli, U.M.; Ullrich, K.; Stuhmer, T.; Holien, T.; Kochert, K.; Holt, R.U.; Bruland, O.; Chatterjee, M.; Nogai, H.; Lenz, G.;
et al. Serum/glucocorticoid-regulated kinase 1 (SGK1) is a prominent target gene of the transcriptional response to cytokines in
multiple myeloma and supports the growth of myeloma cells. Oncogene 2011, 30, 3198–3206. [CrossRef]

28. Brocke-Heidrich, K.; Kretzschmar, A.K.; Pfeifer, G.; Henze, C.; Loffler, D.; Koczan, D.; Thiesen, H.J.; Burger, R.; Gramatzki, M.;
Horn, F. Interleukin-6-dependent gene expression profiles in multiple myeloma INA-6 cells reveal a Bcl-2 family-independent
survival pathway closely associated with Stat3 activation. Blood 2004, 103, 242–251. [CrossRef]

29. Croonquist, P.A.; Linden, M.A.; Zhao, F.; Van Ness, B.G. Gene profiling of a myeloma cell line reveals similarities and unique
signatures among IL-6 response, N-ras-activating mutations, and coculture with bone marrow stromal cells. Blood 2003, 102,
2581–2592. [CrossRef]

30. McMillin, D.W.; Delmore, J.; Weisberg, E.; Negri, J.M.; Geer, D.C.; Klippel, S.; Mitsiades, N.; Schlossman, R.L.; Munshi, N.C.;
Kung, A.L.; et al. Tumor cell-specific bioluminescence platform to identify stroma-induced changes to anticancer drug activity.
Nat. Med. 2010, 16, 483–489. [CrossRef]

31. Lam, C.; Ferguson, I.D.; Mariano, M.C.; Lin, Y.T.; Murnane, M.; Liu, H.; Smith, G.A.; Wong, S.W.; Taunton, J.; Liu, J.O.; et al. Re-
purposing tofacitinib as an anti-myeloma therapeutic to reverse growth-promoting effects of the bone marrow microenvironment.
Haematologica 2018, 103, 1218–1228. [CrossRef] [PubMed]

32. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009, 10, R25. [CrossRef] [PubMed]

33. Thorvaldsdottir, H.; Robinson, J.T.; Mesirov, J.P. Integrative Genomics Viewer (IGV): High-performance genomics data visualiza-
tion and exploration. Brief. Bioinform. 2013, 14, 178–192. [CrossRef] [PubMed]

34. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.
Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef] [PubMed]

http://doi.org/10.1158/1541-7786.MCR-19-0852
http://doi.org/10.1038/ncomms10258
http://doi.org/10.1038/leu.2013.231
http://doi.org/10.1158/2643-3230.BCD-20-0108
http://doi.org/10.1038/s41467-019-12811-4
http://doi.org/10.1038/leu.2017.141
http://doi.org/10.1038/nmeth.4396
http://doi.org/10.1038/s41598-021-95039-x
http://doi.org/10.1093/nar/gkt214
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1093/bioinformatics/btz573
http://www.ncbi.nlm.nih.gov/pubmed/31347689
http://doi.org/10.1073/pnas.0506580102
http://doi.org/10.1016/j.cels.2015.12.004
http://doi.org/10.1182/blood-2012-06-436220
http://doi.org/10.1038/onc.2011.79
http://doi.org/10.1182/blood-2003-04-1048
http://doi.org/10.1182/blood-2003-04-1227
http://doi.org/10.1038/nm.2112
http://doi.org/10.3324/haematol.2017.174482
http://www.ncbi.nlm.nih.gov/pubmed/29622655
http://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
http://doi.org/10.1093/bib/bbs017
http://www.ncbi.nlm.nih.gov/pubmed/22517427
http://doi.org/10.1186/gb-2008-9-9-r137
http://www.ncbi.nlm.nih.gov/pubmed/18798982


Cancers 2022, 14, 927 17 of 19

35. Feng, J.; Meyer, C.A.; Wang, Q.; Liu, J.S.; Shirley Liu, X.; Zhang, Y. GFOLD: A generalized fold change for ranking differentially
expressed genes from RNA-seq data. Bioinformatics 2012, 28, 2782–2788. [CrossRef]

36. McLean, C.Y.; Bristor, D.; Hiller, M.; Clarke, S.L.; Schaar, B.T.; Lowe, C.B.; Wenger, A.M.; Bejerano, G. GREAT improves functional
interpretation of cis-regulatory regions. Nat. Biotechnol. 2010, 28, 495–501. [CrossRef]

37. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016, 44,
W90–W97. [CrossRef]

38. Liao, Y.X.; Wang, J.; Jaehnig, E.J.; Shi, Z.A.; Zhang, B. WebGestalt 2019: Gene set analysis toolkit with revamped UIs and APIs.
Nucleic Acids Res. 2019, 47, W199–W205. [CrossRef]

39. Jourquin, J.; Duncan, D.; Shi, Z.; Zhang, B. GLAD4U: Deriving and prioritizing gene lists from PubMed literature. BMC Genom.
2012, 13 (Suppl. S8), S20. [CrossRef]

40. Bailey, T.L.; Johnson, J.; Grant, C.E.; Noble, W.S. The MEME Suite. Nucleic Acids Res. 2015, 43, W39–W49. [CrossRef]
41. Heinz, S.; Benner, C.; Spann, N.; Bertolino, E.; Lin, Y.C.; Laslo, P.; Cheng, J.X.; Murre, C.; Singh, H.; Glass, C.K. Simple combinations

of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and B cell identities. Mol. Cell
2010, 38, 576–589. [CrossRef] [PubMed]

42. Grant, C.E.; Bailey, T.L.; Noble, W.S. FIMO: Scanning for occurrences of a given motif. Bioinformatics 2011, 27, 1017–1018.
[CrossRef] [PubMed]

43. Kulakovskiy, I.V.; Vorontsov, I.E.; Yevshin, I.S.; Sharipov, R.N.; Fedorova, A.D.; Rumynskiy, E.I.; Medvedeva, Y.A.; Magana-Mora,
A.; Bajic, V.B.; Papatsenko, D.A.; et al. HOCOMOCO: Towards a complete collection of transcription factor binding models for
human and mouse via large-scale ChIP-Seq analysis. Nucleic Acids Res. 2018, 46, D252–D259. [CrossRef] [PubMed]

44. Keats, J.J.; Craig, D.W.; Liang, W.; Venkata, Y.; Kurdoglu, A.; Aldrich, J.; Auclair, D.; Allen, K.; Harrison, B.; Jewell, S.; et al. Interim
Analysis of The Mmrf Commpass Trial, a Longitudinal Study in Multiple Myeloma Relating Clinical Outcomes to Genomic and
Immunophenotypic Profiles. Blood 2013, 122. [CrossRef]

45. Shi, L.; Campbell, G.; Jones, W.D.; Campagne, F.; Wen, Z.; Walker, S.J.; Su, Z.; Chu, T.M.; Goodsaid, F.M.; Pusztai, L.; et al. The
MicroArray Quality Control (MAQC)-II study of common practices for the development and validation of microarray-based
predictive models. Nat. Biotechnol. 2010, 28, 827–838. [CrossRef] [PubMed]

46. Mulligan, G.; Mitsiades, C.; Bryant, B.; Zhan, F.; Chng, W.J.; Roels, S.; Koenig, E.; Fergus, A.; Huang, Y.; Richardson, P.; et al.
Gene expression profiling and correlation with outcome in clinical trials of the proteasome inhibitor bortezomib. Blood 2007, 109,
3177–3188. [CrossRef]

47. Driscoll, J.J.; Pelluru, D.; Lefkimmiatis, K.; Fulciniti, M.; Prabhala, R.H.; Greipp, P.R.; Barlogie, B.; Tai, Y.T.; Anderson, K.C.;
Shaughnessy, J.D.; et al. The sumoylation pathway is dysregulated in multiple myeloma and is associated with adverse patient
outcome. Blood 2010, 115, 2827–2834. [CrossRef]

48. Heuck, C.J.; Qu, P.; van Rhee, F.; Waheed, S.; Usmani, S.Z.; Epstein, J.; Zhang, Q.; Edmondson, R.; Hoering, A.; Crowley, J.; et al.
Five gene probes carry most of the discriminatory power of the 70-gene risk model in multiple myeloma. Leukemia 2014, 28,
2410–2413. [CrossRef]

49. Schulze, A.; Oshi, M.; Endo, I.; Takabe, K. MYC Targets Scores Are Associated with Cancer Aggressiveness and Poor Survival in
ER-Positive Primary and Metastatic Breast Cancer. Int. J. Mol. Sci. 2020, 21, 8127. [CrossRef]

50. Dezorella, N.; Pevsner-Fischer, M.; Deutsch, V.; Kay, S.; Baron, S.; Stern, R.; Tavor, S.; Nagler, A.; Naparstek, E.; Zipori, D.; et al.
Mesenchymal stromal cells revert multiple myeloma cells to less differentiated phenotype by the combined activities of adhesive
interactions and interleukin-6. Exp. Cell Res. 2009, 315, 1904–1913. [CrossRef]

51. Obeng, E.A.; Carlson, L.M.; Gutman, D.M.; Harrington, W.J., Jr.; Lee, K.P.; Boise, L.H. Proteasome inhibitors induce a terminal
unfolded protein response in multiple myeloma cells. Blood 2006, 107, 4907–4916. [CrossRef] [PubMed]

52. Huang, H.H.; Ferguson, I.D.; Thornton, A.M.; Bastola, P.; Lam, C.; Lin, Y.H.T.; Choudhry, P.; Mariano, M.C.; Marcoulis, M.D.; Teo,
C.F.; et al. Proteasome inhibitor-induced modulation reveals the spliceosome as a specific therapeutic vulnerability in multiple
myeloma. Nat. Commun. 2020, 11, 1931. [CrossRef] [PubMed]

53. Le Moigne, R.; Aftab, B.T.; Djakovic, S.; Dhimolea, E.; Valle, E.; Murnane, M.; King, E.M.; Soriano, F.; Menon, M.K.; Wu, Z.Y.; et al.
The p97 Inhibitor CB-5083 Is a Unique Disrupter of Protein Homeostasis in Models of Multiple Myeloma. Mol. Cancer Ther. 2017,
16, 2375–2386. [CrossRef] [PubMed]

54. Bennett, M.K.; Li, M.; Tea, M.N.; Pitman, M.R.; Toubia, J.; Wang, P.P.; Anderson, D.; Creek, D.J.; Orlowski, R.Z.; Gliddon, B.L.; et al.
Resensitising proteasome inhibitor-resistant myeloma with sphingosine kinase 2 inhibition. Neoplasia 2022, 24, 1–11. [CrossRef]

55. Shuai, K.; Liu, B. Regulation of JAK-STAT signalling in the immune system. Nat. Rev. Immunol. 2003, 3, 900–911. [CrossRef]
56. Pasello, M.; Giudice, A.M.; Scotlandi, K. The ABC subfamily A transporters: Multifaceted players with incipient potentialities in

cancer. Semin. Cancer Biol. 2020, 60, 57–71. [CrossRef]
57. Al-Odat, O.; von Suskil, M.; Chitren, R.; Elbezanti, W.; Srivastava, S.; Budak-Alpddogan, T.; Jonnalagadda, S.; Aggarwal, B.;

Pandey, M. Mcl-1 Inhibition: Managing Malignancy in Multiple Myeloma. Front. Pharmacol. 2021, 12, 699629. [CrossRef]
58. Ng, Y.L.D.; Bohl, S.; Ramberger, E.; Popp, O.; Bauhuf, I.; Dolnik, A.; Steinebach, C.; Gutschow, M.; Bullinger, L.; Mertins, P.;

et al. Quantitative Proteomic Analysis of Relapsed Multiple Myeloma Identifies CDK6 Upregulation As a Potential Targetable
Resistance Mechanism for Lenalidomide. Blood 2019, 134. [CrossRef]

http://doi.org/10.1093/bioinformatics/bts515
http://doi.org/10.1038/nbt.1630
http://doi.org/10.1093/nar/gkw377
http://doi.org/10.1093/nar/gkz401
http://doi.org/10.1186/1471-2164-13-S8-S20
http://doi.org/10.1093/nar/gkv416
http://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
http://doi.org/10.1093/bioinformatics/btr064
http://www.ncbi.nlm.nih.gov/pubmed/21330290
http://doi.org/10.1093/nar/gkx1106
http://www.ncbi.nlm.nih.gov/pubmed/29140464
http://doi.org/10.1182/blood.V122.21.532.532
http://doi.org/10.1038/nbt.1665
http://www.ncbi.nlm.nih.gov/pubmed/20676074
http://doi.org/10.1182/blood-2006-09-044974
http://doi.org/10.1182/blood-2009-03-211045
http://doi.org/10.1038/leu.2014.232
http://doi.org/10.3390/ijms21218127
http://doi.org/10.1016/j.yexcr.2009.03.016
http://doi.org/10.1182/blood-2005-08-3531
http://www.ncbi.nlm.nih.gov/pubmed/16507771
http://doi.org/10.1038/s41467-020-15521-4
http://www.ncbi.nlm.nih.gov/pubmed/32321912
http://doi.org/10.1158/1535-7163.MCT-17-0233
http://www.ncbi.nlm.nih.gov/pubmed/28878026
http://doi.org/10.1016/j.neo.2021.11.009
http://doi.org/10.1038/nri1226
http://doi.org/10.1016/j.semcancer.2019.10.004
http://doi.org/10.3389/fphar.2021.699629
http://doi.org/10.1182/blood-2019-130682


Cancers 2022, 14, 927 18 of 19

59. Maiso, P.; Huynh, D.; Moschetta, M.; Sacco, A.; Aljawai, Y.; Mishima, Y.; Asara, J.M.; Roccaro, A.M.; Kimmelman, A.C.; Ghobrial,
I.M. Metabolic Signature Identifies Novel Targets for Drug Resistance in Multiple Myeloma. Cancer Res. 2015, 75, 2071–2082.
[CrossRef]

60. Pei, X.Y.; Dai, Y.; Felthousen, J.; Chen, S.; Takabatake, Y.; Zhou, L.; Youssefian, L.E.; Sanderson, M.W.; Bodie, W.W.; Kramer, L.B.;
et al. Circumvention of Mcl-1-dependent drug resistance by simultaneous Chk1 and MEK1/2 inhibition in human multiple
myeloma cells. PLoS ONE 2014, 9, e89064. [CrossRef]

61. Zhang, B.P.; Ma, L.; Wei, J.; Hu, J.Y.; Zhao, Z.C.; Wang, Y.P.; Chen, Y.; Zhao, F. miR-137 Suppresses the Phosphorylation of AKT
and Improves the Dexamethasone Sensitivity in Multiple Myeloma Cells Via Targeting MITF. Curr. Cancer Drug Tar. 2016, 16,
807–817. [CrossRef] [PubMed]

62. Imai, Y.; Ohta, E.; Takeda, S.; Sunamura, S.; Ishibashi, M.; Tamura, H.; Wang, Y.H.; Deguchi, A.; Tanaka, J.; Maru, Y.; et al. Histone
deacetylase inhibitor panobinostat induces calcineurin degradation in multiple myeloma. JCI Insight 2016, 1, e85061. [CrossRef]
[PubMed]

63. Chong, P.S.Y.; Zhou, J.B.; Lim, J.S.L.; Hee, Y.T.; Chooi, J.Y.; Chung, T.H.; Tan, Z.T.; Zeng, Q.; Waller, D.D.; Sebag, M.; et al.
IL6 Promotes a STAT3-PRL3 Feedforward Loop via SHP2 Repression in Multiple Myeloma. Cancer Res. 2019, 79, 4679–4688.
[CrossRef] [PubMed]

64. Zhou, N.; Gutierrez-Uzquiza, A.; Zheng, X.Y.; Chang, R.X.; Vogl, D.T.; Garfall, A.L.; Bernabei, L.; Saraf, A.; Florens, L.; Washburn,
M.P.; et al. RUNX proteins desensitize multiple myeloma to lenalidomide via protecting IKZFs from degradation. Leukemia 2019,
33, 2006–2021. [CrossRef] [PubMed]

65. Tsubaki, M.; Takeda, T.; Matsuda, T.; Seki, S.; Tomonari, Y.; Koizumi, S.; Nagatakiya, M.; Katsuyama, M.; Yamamoto, Y.;
Tsurushima, K.; et al. Activation of Serum/Glucocorticoid Regulated Kinase 1/Nuclear Factor-kappaB Pathway Are Correlated
with Low Sensitivity to Bortezomib and Ixazomib in Resistant Multiple Myeloma Cells. Biomedicines 2021, 9, 33. [CrossRef]
[PubMed]

66. Xu, X.H.; Liu, J.; Shen, C.Y.; Ding, L.L.; Zhong, F.; Ouyang, Y.; Wang, Y.C.; He, S. The role of ubiquitin-specific protease 14 (USP14)
in cell adhesion-mediated drug resistance (CAM-DR) of multiple myeloma cells. Eur. J. Haematol. 2017, 98, 4–12. [CrossRef]

67. Fan, F.J.; Malvestiti, S.; Vallet, S.; Lind, J.; Garcia-Manteiga, J.M.; Morelli, E.; Jiang, Q.Y.; Seckinger, A.; Hose, D.; Goldschmidt, H.;
et al. JunB is a key regulator of multiple myeloma bone marrow angiogenesis. Leukemia 2021, 35, 3509–3525. [CrossRef]

68. Fan, F.; Bashari, M.H.; Morelli, E.; Tonon, G.; Malvestiti, S.; Vallet, S.; Jarahian, M.; Seckinger, A.; Hose, D.; Bakiri, L.; et al.
The AP-1 transcription factor JunB is essential for multiple myeloma cell proliferation and drug resistance in the bone marrow
microenvironment. Leukemia 2017, 31, 1570–1581. [CrossRef]

69. Wortel, I.M.N.; van der Meer, L.T.; Kilberg, M.S.; van Leeuwen, F.N. Surviving Stress: Modulation of ATF4-Mediated Stress
Responses in Normal and Malignant Cells. Trends Endocrinol. Metab. 2017, 28, 794–806. [CrossRef]

70. Mukaida, N.; Wang, Y.Y.; Li, Y.Y. Roles of Pim-3, a novel survival kinase, in tumorigenesis. Cancer Sci. 2011, 102, 1437–1442.
[CrossRef]

71. Maiso, P.; Mogollon, P.; Ocio, E.M.; Garayoa, M. Bone Marrow Mesenchymal Stromal Cells in Multiple Myeloma: Their Role as
Active Contributors to Myeloma Progression. Cancers 2021, 13, 2542. [CrossRef] [PubMed]

72. De la Puente, P.; Quan, N.; Hoo, R.S.; Muz, B.; Gilson, R.C.; Luderer, M.; King, J.; Achilefu, S.; Salama, N.N.; Vij, R.; et al. Newly
established myeloma-derived stromal cell line MSP-1 supports multiple myeloma proliferation, migration, and adhesion and
induces drug resistance more than normal-derived stroma. Haematologica 2016, 101, e307–e311. [CrossRef] [PubMed]

73. Belloni, D.; Heltai, S.; Ponzoni, M.; Villa, A.; Vergani, B.; Pecciarini, L.; Marcatti, M.; Girlanda, S.; Tonon, G.; Ciceri, F.; et al.
Modeling multiple myeloma-bone marrow interactions and response to drugs in a 3D surrogate microenvironment. Haematologica
2018, 103, 707–716. [CrossRef] [PubMed]

74. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,
207–220. [CrossRef] [PubMed]

75. Alvarez-Benayas, J.; Trasanidis, N.; Katsarou, A.; Ponnusamy, K.; Chaidos, A.; May, P.C.; Xiao, X.; Bua, M.; Atta, M.; Roberts,
I.A.G.; et al. Chromatin-based, in cis and in trans regulatory rewiring underpins distinct oncogenic transcriptomes in multiple
myeloma. Nat. Commun. 2021, 12, 5450. [CrossRef] [PubMed]

76. Gupta, V.A.; Barwick, B.G.; Matulis, S.M.; Shirasaki, R.; Jaye, D.L.; Keats, J.J.; Oberlton, B.; Joseph, N.S.; Hofmeister, C.C.; Heffner,
L.T.; et al. Venetoclax sensitivity in multiple myeloma is associated with B-cell gene expression. Blood 2021, 137, 3604–3615.
[CrossRef]

77. Barwick, B.G.; Gupta, V.A.; Matulis, S.M.; Patton, J.C.; Powell, D.R.; Gu, Y.; Jaye, D.L.; Conneely, K.N.; Lin, Y.C.; Hofmeister, C.C.;
et al. Chromatin Accessibility Identifies Regulatory Elements Predictive of Gene Expression and Disease Outcome in Multiple
Myeloma. Clin. Cancer Res. 2021, 27, 3178–3189. [CrossRef]

78. Frede, J.; Anand, P.; Sotudeh, N.; Pinto, R.A.; Nair, M.S.; Stuart, H.; Yee, A.J.; Vijaykumar, T.; Waldschmidt, J.M.; Potdar, S.;
et al. Dynamic transcriptional reprogramming leads to immunotherapeutic vulnerabilities in myeloma. Nat. Cell Biol. 2021, 23,
1199–1211. [CrossRef]

79. Jin, Y.; Chen, K.; De Paepe, A.; Hellqvist, E.; Krstic, A.D.; Metang, L.; Gustafsson, C.; Davis, R.E.; Levy, Y.M.; Surapaneni, R.; et al.
Active enhancer and chromatin accessibility landscapes chart the regulatory network of primary multiple myeloma. Blood 2018,
131, 2138–2150. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-14-3400
http://doi.org/10.1371/journal.pone.0089064
http://doi.org/10.2174/1568009616666160203114140
http://www.ncbi.nlm.nih.gov/pubmed/26845432
http://doi.org/10.1172/jci.insight.85061
http://www.ncbi.nlm.nih.gov/pubmed/27699258
http://doi.org/10.1158/0008-5472.CAN-19-0343
http://www.ncbi.nlm.nih.gov/pubmed/31337650
http://doi.org/10.1038/s41375-019-0403-2
http://www.ncbi.nlm.nih.gov/pubmed/30760870
http://doi.org/10.3390/biomedicines9010033
http://www.ncbi.nlm.nih.gov/pubmed/33406639
http://doi.org/10.1111/ejh.12729
http://doi.org/10.1038/s41375-021-01271-9
http://doi.org/10.1038/leu.2016.358
http://doi.org/10.1016/j.tem.2017.07.003
http://doi.org/10.1111/j.1349-7006.2011.01966.x
http://doi.org/10.3390/cancers13112542
http://www.ncbi.nlm.nih.gov/pubmed/34067236
http://doi.org/10.3324/haematol.2016.142190
http://www.ncbi.nlm.nih.gov/pubmed/27081175
http://doi.org/10.3324/haematol.2017.167486
http://www.ncbi.nlm.nih.gov/pubmed/29326121
http://doi.org/10.1038/s41576-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30675018
http://doi.org/10.1038/s41467-021-25704-2
http://www.ncbi.nlm.nih.gov/pubmed/34521827
http://doi.org/10.1182/blood.2020007899
http://doi.org/10.1158/1078-0432.CCR-20-2931
http://doi.org/10.1038/s41556-021-00766-y
http://doi.org/10.1182/blood-2017-09-808063


Cancers 2022, 14, 927 19 of 19

80. He, H.H.; Meyer, C.A.; Hu, S.S.; Chen, M.W.; Zang, C.; Liu, Y.; Rao, P.K.; Fei, T.; Xu, H.; Long, H.; et al. Refined DNase-seq
protocol and data analysis reveals intrinsic bias in transcription factor footprint identification. Nat. Methods 2014, 11, 73–78.
[CrossRef]

81. Li, Z.J.; Schulz, M.H.; Look, T.; Begemann, M.; Zenke, M.; Costa, I.G. Identification of transcription factor binding sites using
ATAC-seq. Genome Biol. 2019, 20, 45. [CrossRef] [PubMed]

82. Gusmao, E.G.; Allhoff, M.; Zenke, M.; Costa, I.G. Analysis of computational footprinting methods for DNase sequencing
experiments. Nat. Methods 2016, 13, 303–309. [CrossRef] [PubMed]

83. Beisaw, A.; Kuenne, C.; Guenther, S.; Dallmann, J.; Wu, C.C.; Bentsen, M.; Looso, M.; Stainier, D.Y.R. AP-1 Contributes to
Chromatin Accessibility to Promote Sarcomere Disassembly and Cardiomyocyte Protrusion during Zebrafish Heart Regeneration.
Circ. Res. 2020, 126, 1760–1778. [CrossRef]

84. Biddie, S.C.; John, S.; Sabo, P.J.; Thurman, R.E.; Johnson, T.A.; Schiltz, R.L.; Miranda, T.B.; Sung, M.H.; Trump, S.; Lightman, S.L.;
et al. Transcription factor AP1 potentiates chromatin accessibility and glucocorticoid receptor binding. Mol. Cell 2011, 43, 145–155.
[CrossRef]

85. Yukawa, M.; Jagannathan, S.; Vallabh, S.; Kartashov, A.V.; Chen, X.T.; Weirauch, M.T.; Barski, A. AP-1 activity induced by
co-stimulation is required for chromatin opening during T cell activation. J. Exp. Med. 2020, 217, e20182009. [CrossRef]

86. Vierbuchen, T.; Ling, E.; Cowley, C.J.; Couch, C.H.; Wang, X.; Harmin, D.A.; Roberts, C.W.M.; Greenberg, M.E. AP-1 Transcription
Factors and the BAF Complex Mediate Signal-Dependent Enhancer Selection. Mol. Cell 2017, 68, 1067–1082. [CrossRef]

87. Ito, T.; Yamauchi, M.; Nishina, M.; Yamamichi, N.; Mizutani, T.; Ui, M.; Murakami, M.; Iba, H. Identification of SWI center dot
SNF complex subunit BAF60a as a determinant of the transactivation potential of Fos/Jun dimers. J. Biol. Chem. 2001, 276,
2852–2857. [CrossRef]

88. Cohen, D.M.; Won, K.J.; Nguyen, N.; Lazar, M.A.; Chen, C.S.; Steger, D.J. ATF4 licenses C/EBP beta activity in human
mesenchymal stem cells primed for adipogenesis. eLife 2015, 4, e06821. [CrossRef]

89. Lin, Q.X.X.; Thieffry, D.; Jha, S.; Benoukraf, T. TFregulomeR reveals transcription factors’ context-specific features and functions.
Nucleic Acids Res. 2020, 48, e10. [CrossRef]

90. Mann, I.K.; Chatterjee, R.; Zhao, J.; He, X.; Weirauch, M.T.; Hughes, T.R.; Vinson, C. CG methylated microarrays identify a novel
methylated sequence bound by the CEBPB|ATF4 heterodimer that is active in vivo. Genome Res. 2013, 23, 988–997. [CrossRef]

91. Torrence, M.E.; MacArthur, M.R.; Hosios, A.M.; Valvezan, A.J.; Asara, J.M.; Mitchell, J.R.; Manning, B.D. The mTORC1-mediated
activation of ATF4 promotes protein and glutathione synthesis downstream of growth signals. eLife 2021, 10. [CrossRef] [PubMed]

92. Narita, T.; Ri, M.; Masaki, A.; Mori, F.; Ito, A.; Kusumoto, S.; Ishida, T.; Komatsu, H.; Iida, S. Lower expression of activating
transcription factors 3 and 4 correlates with shorter progression-free survival in multiple myeloma patients receiving bortezomib
plus dexamethasone therapy. Blood Cancer J. 2015, 5, e373. [CrossRef] [PubMed]

93. Xu, G.; Huang, S.; Peng, J.; Gao, X.; Li, M.; Yu, S.; Liu, Z.; Qie, P.; Wang, Y.; Yu, S.; et al. Targeting lipid metabolism in multiple
myeloma cells: Rational development of a synergistic strategy with proteasome inhibitors. Br. J. Pharmacol. 2021, 178, 4741–4757.
[CrossRef] [PubMed]

94. Shan, J.; Fu, L.; Balasubramanian, M.N.; Anthony, T.; Kilberg, M.S. ATF4-dependent regulation of the JMJD3 gene during amino
acid deprivation can be rescued in Atf4-deficient cells by inhibition of deacetylation. J. Biol. Chem. 2012, 287, 36393–36403.
[CrossRef]

95. Zhao, E.; Ding, J.; Xia, Y.; Liu, M.; Ye, B.; Choi, J.H.; Yan, C.; Dong, Z.; Huang, S.; Zha, Y.; et al. KDM4C and ATF4 Cooperate in
Transcriptional Control of Amino Acid Metabolism. Cell Rep. 2016, 14, 506–519. [CrossRef]

96. Pal, R.; Janz, M.; Galson, D.L.; Gries, M.; Li, S.; Johrens, K.; Anagnostopoulos, I.; Dorken, B.; Mapara, M.Y.; Borghesi, L.; et al.
C/EBPbeta regulates transcription factors critical for proliferation and survival of multiple myeloma cells. Blood 2009, 114,
3890–3898. [CrossRef]

97. Li, S.R.; Pal, R.; Monaghan, S.; Schafer, P.; Ouyang, H.; Mapara, M.Y.; Lentzsch, S. C/EBPb Is a Critical Mediator of Resistance to
IMiD (R) Immunomodulatory Compounds and Affected by IMiD Compounds Via Control of Protein Translation. Blood 2010, 116,
64–65. [CrossRef]

98. Nerlov, C. C/EBPs: Recipients of extracellular signals through proteome modulation. Curr. Opin. Cell Biol. 2008, 20, 180–185.
[CrossRef]

99. Grontved, L.; John, S.; Baek, S.; Liu, Y.; Buckley, J.R.; Vinson, C.; Aguilera, G.; Hager, G.L. C/EBP maintains chromatin accessibility
in liver and facilitates glucocorticoid receptor recruitment to steroid response elements. EMBO J. 2013, 32, 1568–1583. [CrossRef]

http://doi.org/10.1038/nmeth.2762
http://doi.org/10.1186/s13059-019-1642-2
http://www.ncbi.nlm.nih.gov/pubmed/30808370
http://doi.org/10.1038/nmeth.3772
http://www.ncbi.nlm.nih.gov/pubmed/26901649
http://doi.org/10.1161/CIRCRESAHA.119.316167
http://doi.org/10.1016/j.molcel.2011.06.016
http://doi.org/10.1084/jem.20182009
http://doi.org/10.1016/j.molcel.2017.11.026
http://doi.org/10.1074/jbc.M009633200
http://doi.org/10.7554/eLife.06821
http://doi.org/10.1093/nar/gkz1088
http://doi.org/10.1101/gr.146654.112
http://doi.org/10.7554/eLife.63326
http://www.ncbi.nlm.nih.gov/pubmed/33646118
http://doi.org/10.1038/bcj.2015.98
http://www.ncbi.nlm.nih.gov/pubmed/26636288
http://doi.org/10.1111/bph.15653
http://www.ncbi.nlm.nih.gov/pubmed/34378191
http://doi.org/10.1074/jbc.M112.399600
http://doi.org/10.1016/j.celrep.2015.12.053
http://doi.org/10.1182/blood-2009-01-201111
http://doi.org/10.1182/blood.V116.21.135.135
http://doi.org/10.1016/j.ceb.2008.02.002
http://doi.org/10.1038/emboj.2013.106

	Introduction 
	Materials and Methods 
	Cell Lines 
	Cell Culture 
	Cell Isolation 
	RNA-Seq 
	Omni-ATAC 
	Data Analysis 
	RNA-Seq Data Analysis 
	Omni-ATAC Data Analysis 
	Overall Survival Analysis 


	Results 
	An Overall View of BMSC-Induced Expression Changes in MM Cells 
	BMSC-Induced Transcriptome Signatures Associated with Soluble Factors 
	BMSC-Induced Transcriptome Signatures Associated with Physical Adhesion 
	An Overall View of BMSC-Induced Transformation of Regulome in MM Cells 
	Genes Increasing Accessibility at Multiple Regulatory Sites Are Clinically Relevant to MM 
	Candidate Regulators of BMSC-Induced Transformation of Regulome 

	Discussion 
	Conclusions 
	References

